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One of the consequences of increased CO2
concentrations in the atmosphere is a decline in
oceanic pH, leading to an acidification of the
ocean, which represents a severe environmental
stressor for fishes. Due to its direct influence on
the ion and acid–base budget, it has the potential
to influence the development of fishes (Gillooly
et al. 2002; P€ortner, Langenbuch & Reipschl€ager
2004; Daufresne, Lengfeller & Sommer 2009;
Doney et al. 2009). In particular, vulnerable are
fish eggs and larvae with limited ion exchange
compared with juveniles and adults (Ishimatsu,
Hayashi & Kikkawa 2008; Hurst, Fernandez &
Mathis 2013). Acidification stress is known to
alter behaviour (Jutfelt et al. 2013), growth trajec-
tories and morphological traits of the threespine
stickleback Gasterosteus aculeatus L. (Schade,
Clemmesen & Wegner 2014). In the same fish
used in Schade et al. (2014) that were reared
under different ocean acidification scenarios, we
discovered alterations of a major axial vessel, the
caudal vein (CV), in the tails of several specimens.
In general, the tail of teleost fishes displays an uni-
form pattern of blood vessels (Weinstein 1999;
Childs et al. 2002). Immediately ventral to the
caudal vertebral column run two major axial
vessels, the caudal aorta (CA) and the CV. The
CA extends caudally to the tip of the tail, and the
CV extends from here rostrally to the posterior
end of the abdominal cavity. Both vessels are
located in the haemal canal, a bony structure
formed by ventral extensions from the caudal ver-
tebrae, with the CV immediately ventral to the
CA (Fig. 1). This median position protects the
vessels from compressions of the contracting myo-
meres (Satchell 1992). Both axial vessels give rise
to intersegmental vessels (ISV), arteries and veins
more or less regularly alternating in every second
myomere (Steffens, Lomholt & Vogel 1986; Iso-
gai et al. 2003).
This vascular pattern is also characteristic for
the threespine stickleback a fish distributed in the
Holarctic region where it inhabits marine, brack-
ish and freshwaters (Wootton 1984). This small
fish is a model species for evolutionary biology,
ecology and behaviour (summarized in Wootton
2009) and well known for its phenotypic
(Wootton 1984) and its physiological (Allenbach
2011) plasticity.
Here, we investigated 253 laboratory-reared
marine threespine sticklebacks used in a previous
ocean acidification experiment (North Sea; Schade
et al. 2014). These fish were reared in sea water
aerated with gas mixtures containing ambient
CO2 level of 435  27 latm (n = 83) or ele-
vated CO2 level of 1167  176 latm (end-
of-century predictions for ocean pCO2; n = 170)
for 100 days. To determine induction of malfor-
mations by other environmental factors, we also
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investigated 375 juvenile specimens from the same
location reared in sea water at 13, 17 or 21 °C
(Ramler et al. 2014). Additionally, to estimate
natural background levels of malformations, we
also screened 67 adult specimens from the wild,
18 from the Sylt-Rømø Bight and 49 from a
brook in eastern Austria. The primary intention
was to investigate bony structures of these stickle-
backs. For this purpose, the fish were made
translucent and stained with Alizarin Red S
(Pothoff 1984). Due to pigmentation, the course
of many blood vessels of the tail, especially the
course of the CA and CV, were recognizable by
light transmission microscopy (Figs 2 & 3). Typi-
cally, the CV extends parallel and ventral to the
CA from the first to the last caudal vertebra (uros-
tyle). In all wild adult specimens and in all juve-
nile specimens from the temperature rearing
experiment, the pattern of the large blood vessels
followed this typical for teleost fishes (Fig. 1).
This was also the case in the control juveniles
from the acidification experiment reared in sea
water with ambient CO2 level. Contrary, in 5.3%
(logistic regression, deviance CO2 = 6.08, df = 1,
P = 0.008) of the juveniles from several families
(logistic regression, deviance Family = 16.89,
df = 14, P = 0.262) reared in sea water with ele-
vated CO2 level, parts of the CV (16.4–57%)
were not developed (Figs 2 & 3), indicating an
environmental induction rather than a genetic pre-
disposure for this deformation. The missing parts
of the CV were substituted by ISV with distinctly
enlarged diameter and allowed a detour of the
venous blood cranially. The collateral parts of
these modified ISV run in the midline of the tail
ventral or dorsal to the haemal and neural pro-
cesses, respectively (Figs 2 & 3). These detours
increased the distance blood had to flow by
16.6% on average (range 3–37%), and in the
most extreme case, the blood had to overcome six
sharp bends (five in an angle of about 90°)
strongly increasing the mechanical sheer in the
flowing blood (Fig. 3b). Additionally, as the col-
lateral parts of this detoured vessel are likely
exposed to mechanical stress exerted by contract-
ing myomeres, we expect less efficient transport of
blood, which could have severe consequences on
organismal performance.
The loss of parts of the CV and detour of the
venous blood was restricted to the anterior two-
thirds of the tail of the investigated sticklebacks
(Figs 2 & 3). In the last third of the tail (distance
posterior to the anal fin), the CV was present and
showed no malformations in all specimens. Several
mutations cause malformations in the pattering of
blood vessels during embryogenesis (Weinstein
2002; Jin et al. 2007; Baldessari & Mione 2008).
In mutant zebrafish embryos, collateral vessels,
formed by interconnections of ISV, enable blood
flow to bypass malformations (Weinstein et al.
Figure 1 Usual angio-architecture of the CA and CV in Gas-
terosteus aculeatus (lateral view of the caudal region). The CA
and CV are visible as the two dark straight lines ventral to the
vertebral column. Dark colour of both blood vessels originates
from coagulated blood. White arrowheads indicate the direc-
tion of the blood flow, caudally in the CA, cranially in the
CV. AFR, anal fin rays; AS, anal fin spine; CA, caudal aorta;
CV, caudal vein; VTC1, first caudal vertebra; a, anterior. Scale
bar = 1 mm.
Figure 2 Deformed CV in Gasterosteus aculeatus observed in
fish from high-CO2 acidified environments. The course of the
vein deviated in an arch ventral to the vertebral column. White
arrowheads indicate the direction of the blood flow, caudally in
the CA, cranially in the CV. CA, caudal aorta; CV, caudal
vein; ISV, intersegmental vessel; VTC1, first caudal vertebra.
Scale bar = 1 mm.
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1995; Hogan et al. 2009). Such vessels have also
been described for the grass goby Zosterisessor
ophiocephalus (Pallas; Lahnsteiner, Lametschwandt-
ner & Patzner 1990). Nevertheless, in all these
specimens, collateral ISV occurred in addition to
a normally and completely developed CA and
CV.
We are not aware of environmental inductions
of incomplete CV in combination with drastic
detours of the venous blood in post-larval stages
of other fish species like demonstrated here for
threespine sticklebacks. Obviously, the affected
specimens were not only able to compensate the
loss of parts of the CV but also to reach develop-
ment distinctly beyond the larval period generally
completed after about 22 days post-hatching and
at a size of about 11 mm (Swarup 1958). The
smallest of our investigated specimens with a
deformed CV had a size of 22 mm SL, the lar-
gest a size of 29 mm SL. Contrary to the CV,
the CA of all investigated specimens including
those reared in sea water with elevated CO2 level
showed no malformations. The formation of the
major axial vessels is differently regulated during
embryogenesis (Roman & Weinstein 2000;
Ellertsdottir et al. 2010; Wiley et al. 2011) and
possibly makes the CV more vulnerable to envi-
ronmental stress due to elevated CO2 than the
CA.
Although recent studies focused on the response
of the early development of marine fishes to ocean
acidification (Munday et al. 2011; Forsgren et al.
2013; Pimentel et al. 2014; Schade et al. 2014), it
is not known whether and how an elevated CO2
level influences the development of the cardiovas-
cular system. The formation of the vascular pat-
tern of fishes is not solely based on a genetic
program but also responds to environmental
changes (reviewed in Pelster 2003).
While it is true that on average a more grad-
ual change in pCO2 concentration can be
expected in natural systems, some ecosystems
already experience similarly steep shifts in pCO2
concentrations today (Melzner et al. 2013). If
such pCO2 surges coincide with critical develop-
mental periods, deformations as observed here
may also occur in natural populations. However,
if organisms experience a more gradual change of
environmental conditions, they might be able to
adapt, and ultimately, the gradients of environ-
mental change will determine the developmental
consequences of ocean acidification in marine
fish populations.
If increasing ocean acidification has the poten-
tial to overcome developmental constraints of the
formation of blood vessels, this could have severe
effects on the early life history of marine fishes.
Further studies should investigate the occurrence
and effects of deformed cardiovascular systems on
organismal performance to assess the consequences
of ocean acidification more precisely.
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Figure 3 Different examples of deformed
CVs in Gasterosteus aculeatus (lateral view
of the caudal region). White arrowheads
indicate the direction of the blood flow,
caudally in the CA, cranially in the CV.
(a) one large arc ventral to the vertebral
column. (b) one arc ventral and a second
arc dorsal to the vertebral column. (c) one
arc ventral to the vertebral column. (d) two
small arcs ventral to the vertebral column.
CA, caudal aorta; CV, caudal vein; VTC1,
first caudal vertebra. Scale bar = 1 mm.
3
Journal of Fish Diseases 2015 H Ahnelt et al. Deformations of the caudal vein
 2015
John Wiley & Sons Ltd
Experiments were conducted under the approval
of German animal welfare authorities (Permission
No. V312-7224.123-16).
References
Allenbach D.M. (2011) Fluctuating asymmetry and exogenous
stress in fishes: a review. Reviews in Fish Biology and Fisheries
21, 355–376.
Baldessari D. & Mione M. (2008) How to create the vascular
tree? (Latest) help from the zebrafish. Pharmacology and
Therapeutics 118, 206–230.
Childs S., Chen J.-N., Garrity D.M. & Fishman C. (2002)
Patterning of angiogenesis in zebrafish embryo. Development
129, 973–982.
Daufresne M., Lengfeller K. & Sommer U. (2009) Global
warming benefits the small in aquatic ecosystems. Proceedings
of the National Academy of Sciences of the United States of
America 106, 12788–12793.
Doney S.C., Fabry V.J., Feely R.A. & Kleypas J.A. (2009)
Ocean acidification: the other CO2 problem. Annual Review
of Marine Science 1, 169–192.
Ellertsdottir E., Lenard A., Blum Y., Krudewig A. & Herwig
L. (2010) Vascular morphogenesis in the zebrafish.
Developmental Biology 341, 56–65.
Forsgren E., Dupont S., Jutfekt F. & Amundsen T. (2013)
Elevated CO2 affects embryonic development and larval
phototaxis in a temperate marine fish. Ecology and Evolution
3, 3637–3646.
Gillooly J.F., Charnov E.L., West G.B., Savage V.M. &
Brown J.H. (2002) Effects of size and temperature on
developmental time. Nature 417, 70–73.
Hogan B.M., Herpers R., Witte M., Heloter€a H., Alitalo K. &
Duckers H.J. (2009) Vegfc/Flt4 signalling is suppressed by
DII4 in developing zebrafish intersegmental arteries.
Development 136, 4001–4009.
Hurst T.P., Fernandez E.R. & Mathis J.T. (2013) Effects of
ocean acidification on hatch size and larval growth of
walleye Pollock (Theragra chalcogramma). ICES Journal of
Marine Science 70, 812–822.
Ishimatsu A., Hayashi M. & Kikkawa T. (2008) Fishes in
high-CO2 acidified oceans. Marine Ecology Progress Series
373, 295–302.
Isogai S., Lawson N.D., Torrealday S., Horiguchi M. &
Weinstein B.M. (2003) Angiogenic network formation in
the developing vertebrate trunk. Development 130,
5281–5290.
Jin S.-W., Herzog W., Santoro M.M., Mitchell T.S., Frantsve
J., Jungblut B., Beis D., Scott I.C., D’Amico L.A., Ober
E.A., Verkade H., Field H.A., Chi N.C., Wehman A.M.,
Baier H. & Stainier D.Y.R. (2007) A transgene-assisted
genetic screen identifies essential regulators of vascular tube
lumen formation in zebrafish. Developmental Biology 307,
29–42.
Jutfelt F., Bresolin de Souza K., Vuylsteke A. & Sturve J.
(2013) Behavioural disturbances in a temperate fish exposed
to sustained High-CO2 levels. PLoS One 8, e65825.
Lahnsteiner F., Lametschwandtner A. & Patzner R.A. (1990)
The secondary blood vessel system of segmental arteries and
dorsal aorta in Blennius pavo and Zosterisessor ophiocephalus.
Histology, fine structure and SEM of vascular corrosion
casts. Scanning Microscopy 4, 111–124.
Melzner F., Thomsen J., Koeve W., Oschlies A., Gutowska
M.A., Bange H.M., Hansen H.P. & K€ortinger A.
(2013) Future ocean acidification will be amplified by
hypoxia in coastal habitats. Marine Biology 160, 1875–
1888.
Munday P.L., Hernaman V., Dixson D.L. & Thorrhold S.R.
(2011) Effect of ocean acidification on otolith development
in larvae of a tropical marine fish. Biogeosciences 8, 1631–
1641.
Pelster B. (2003) Developmental plasticity in the cardiovascular
system of fish, with special reference to the zebrafish.
Comparative Biochemistry and Physiology, Part A: Molecular
& Integrative Physiology 133, 547–553.
Pimentel M.S., Faleiro F., Dionısio G., Repolho T., Pous~ao-
Ferreira P., Jorge Machado J. & Rosa R. (2014) Defective
skeletogenesis and oversized otoliths in fish early stages in a
changing ocean. Journal of Experimental Biology 217,
2062–2070.
P€ortner H.O., Langenbuch M. & Reipschl€ager A. (2004)
Biological impact on elevated ocean CO2 concentrations:
lessons from animal physiology and earth history. Journal of
Oceanography 60, 705–718.
Pothoff P. (1984) Clearing and staining techniques. In:
Ontogeny and Systematics of Fishes (ed. by H.G. Moser, W.J.
Richards, D.M. Cohen, M.P. Fahay, A.J. Kendall Jr & S.L.
Richardson), pp. 35–37. Allen Press, Lawrence.
Ramler D., Mitter€ocker P., Shama L.N.S., Wegner K.M. &
Ahnelt H. (2014) Nonlinear effects of temperature on body
form and developmental canalization in the threespine
stickleback. Journal of Evolutionary Biology 27, 497–507.
Roman B.L. & Weinstein M.B. (2000) Building the vertebrate
vasculature: research is going swimmingly. BioEssays 22,
882–893.
Satchell G.H. (1992) The venous system. In: Fish Physiology,
Vol. XII A. The Cardiovascular System (ed. by W.S. Hoar,
D.J. Randall & A.P. Farrell), pp. 141–149. Academic Press,
San Diego.
Schade F., Clemmesen C. & Wegner K.M. (2014) Within-
and transgenerational effects of ocean acidification on life
history of marine three-spined stickleback. Marine Biology
161, 1667–1676.
Steffens J.F., Lomholt J.P. & Vogel O.P. (1986) In vivo
observations on a specialized microvasculature, the primary
and secondary vessels in fishes. Acta Zoologica (Stockholm,
Sweden) 67, 193–200.
Swarup H. (1958) Stages of development of the stickleback
Gasterosteus aculeatus (L). Journal of Embryology and
Experimental Morphology 6, 373–383.
Weinstein B.M. (1999) What guides early embryonic blood
vessel formation? Developmental Dynamics 215, 2–11.
Weinstein B.M. (2002) Plumbing the mysteries of vascular
development using the zebrafish. Seminars in Cell &
Developmental Biology 13, 515–522.
4
Journal of Fish Diseases 2015 H Ahnelt et al. Deformations of the caudal vein
 2015
John Wiley & Sons Ltd
Weinstein B.M., Stemple D.L., Driever W. & Fishman M.C.
(1995) Gridlock, a localized heritable vascular patterning
defect in the zebrafish. Nature Medicine 1, 1143–1147.
Wiley D.M., Kim J.-D., Hao J., Hong C.C., Bautch V.L. &
Jin S.-W. (2011) Distinct signaling pathways regulate
sprouting angiogenesis from the dorsal aorta and the axial
vein. Nature Cell Biology 13, 686–692.
Wootton R.J. (1984) A Functional Biology of Sticklebacks.
Croom Helm, London.
Wootton R.J. (2009) The Darwinian stickleback Gasterosteus
aculeatus: a history of evolutionary studies. Journal of Fish
Biology 75, 1919–1942.
Received: 2 July 2015
Revision received: 9 August 2015
Accepted: 11 August 2015
5
Journal of Fish Diseases 2015 H Ahnelt et al. Deformations of the caudal vein
 2015
John Wiley & Sons Ltd
